The expression of different toll-like receptors (TLRs) on tumor cells has been associated with disease aggressiveness, treatment resistance, and poor prognosis. The phosphatidylinositol 3-kinase (PI3K)/AKT pathway is considered critical for cancer cell survival and proliferation. Thus, we investigated the effect of TLR-stimulated PI3K activation on the epithelial-to-mesenchymal transition (EMT) of primary (Caov-3) and metastatic (SK-OV-3) epithelial ovarian cancer cell lines in this study. TLR engagement with various ligands promoted the expression of class IA PI3K (p110α, p110β, and p110δ) and increased the expression of mesenchymal markers (N-cadherin, Slug, Vimentin, Snail, α-SMA, and TCF) in SK-OV-3 cells. The migratory activity and secretion of EMT-related cytokines of SK-OV-3 were significantly higher compared to those of Caov-3 after activation with TLR agonist. Although the invasive capacity and production of EMT-related cytokines of LPS-stimulated SK-OV-3 cells were significantly suppressed by all pharmacological inhibitors of the p110 isoform, the Syk/Src-dependent p110β isoform prominently attenuated migration activity. In contrast, the production of IL-10 and galectin-1 was mainly affected by the p110δ isoform. Gene silencing of TLR4 and galectin-1 with siRNA decreased the expression of matrix metalloproteinase-2 (MMP2) and MMP9 and reduced mesenchymal markers in LPS-treated SK-OV-3 cells. This study demonstrated that TLR-mediated PI3K activation modulated the invasion and metastasis of ovarian cancer through the production of galectin-1, suggesting that inhibition of the p110 isoform is a promising therapeutic approach against metastatic ovarian cancer.
Introduction
The epithelial-to-mesenchymal transition (EMT) is a physiological process that occurs during embryogenesis and wound healing in adults (1) . During cancer progression, EMT appears to promote dissemination of cells from the tumor mass, facilitating tissue invasion and metastasis (2) . Epithelial ovarian cancer is the most common cause of death from gynecologic tumors worldwide; most cases are detected at advanced stages, which are characterized by diverse metastatic lesions (3) .
TLRs are usually expressed in immune cells, such as macrophages and dendritic cells (4) . However, in addition to their expression in leukocytes, TLRs are found in multiple tumor types, including in ovarian cancer (5) . Stimulation of specific TLRs is associated with carcinogenesis, cancer progression, and site-specific metastasis (6, 7) . Expression of TLR2, 3, 4, and 5 has been detected on the surface epithelium of normal ovaries and benign and malignant ovarian cancers (8) . These data suggest that the TLR-mediated signaling pathway plays a role in EMT and metastasis of ovarian cancer; however, the underlying mechanisms of ovarian cancer metastasis related to TLR stimulation remain unclear.
The phosphatidylinositol 3-kinase (PI3K)/AKT pathway is a critical signaling cascade in the progression and drug resistance of human cancer cells (9, 10) . TLR4-expressing metastatic colorectal cancer cells activate PI3K/AKT signaling and metastatic capacity after stimulation with lipopolysaccharide (LPS) (11) . The phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit α (PIK3CA) gene encodes the catalytic subunit p110α of PI3K class IA, which forms dimers with the regulatory subunit p85 of the same enzyme (12) . Over-representation of the PIK3CA gene is one of the most frequently reported abnormalities in ovarian carcinogenesis and is thought to be an early event (13) . The p110β isoform is also significantly overexpressed both in ovarian cancer patients and paclitaxel-resistant ovarian cancer cell lines (14) . However, whether TLR-mediated PI3K-dependent signaling is correlated with invasive capacity dependent of cancer stage
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activation enhances epithelial-mesenchymal transition of metastatic ovarian cancer cells In this study, we investigated the difference in TLR-mediated PI3K signaling activity according to ovarian cancer type using primary (Caov-3) and metastatic (SK-OV-3) ovarian cancer cell lines (15) . We also examined which catalytic isoforms of class IA PI3Ks (p110α, p110β, and p110δ) are involved in ovarian cancer metastasis.
Materials and methods

Cell lines.
The human ovarian cancer cell lines Caov-3, OVCAR-3, OV-90, and SK-OV-3 were purchased from the ATCC (Manassas, VA, uSA). Caov-3 and OVCAR-3 cells, representing primary cancer, were harvested from human ovarian adenocarcinoma confined to the ovary. OV-90 and SK-OV-3 cells, as representative metastatic cancer, were established from ascites derived from ovarian cancer patients. Caov-3 and OV-90 cells were maintained in DMEM medium (Corning Incorporated, Corning, NY, uSA) supplemented with 10% FBS (RMBIO, Missoula, MT, uSA), penicillin, streptomycin, and glutamine at 37˚C in 5% CO 2 . OVCAR-3 and SK-OV-3 cells were maintained in RPMI-1640 medium (Corning Inc.) supplemented with 10% FBS (RMBIO), penicillin, streptomycin, and glutamine at 37˚C in 5% CO 2 .
Chemicals. LPS (TLR4 ligand) and poly (I:C) (TLR3 ligand) were obtained from Sigma-Aldrich (St. Louis, MO, uSA). MALP-2 (TLR2/6 ligand) was purchased from Enzo Life Sciences (Farmingdale, NY, uSA). PP1 (Src inhibitor) and Bay 61-3606 (Syk inhibitor) were purchased from Calbiochem (San Diego, CA, USA). A66 (p110α inhibitor), TGX-221 (p110β inhibitor), CAL-101 (p110δ inhibitor), LY294002 (pan-p110 inhibitor), Bay 80-6946 (p110α and p110β inhibitor), and pictilisib (p110α and p110δ inhibitor) were obtained from Selleckchem (Houston, TX, uSA). Recombinant Gal-1 was purchased from R&D Systems (Minneapolis, MN, uSA).
RT-PCR.
Total RNA was isolated using an RNeasy Mini kit (Qiagen, Hilden, Germany). RNA was transcribed into cDNA using oligo (dT) primers (Bioneer, Daejeon, Korea) and reverse transcriptase. To investigate the expression of TLR genes in ovarian cancer cells, PCR amplification was performed using specific primer sets (Table I ; Bioneer) and Prime Taq Premix (GeNet Bio, Chungnam, Korea). PCR products were analyzed via agarose gel electrophoresis and visualized with ethidium bromide under uV light using the Multiple Gel DOC system (Fujifilm, Tokyo, Japan). Data were analyzed using Imagej 1.38 software (National Institutes of Health, Bethesda, MD, uSA). Experiments were performed in triplicate.
Western blotting. Cells were washed in PBS and lysed in NP-40 buffer (Elpis Biotech, Daejeon, Korea) supplemented with a protease inhibitor cocktail (Sigma-Aldrich). Protein phosphorylation states were preserved through the addition of phosphatase inhibitors (Cocktail II, Sigma-Aldrich) to the NP-40 buffer. Protein concentrations were determined using a BCA assay kit (Pierce, Rockford, IL, uSA). Proteins (10 µg/sample) were resolved through SDS-PAGE and then transferred to a nitrocellulose membrane (Millipore Corp., Billerica, MA, uSA). Membranes were blocked with 5% skim milk prior to western blot analysis. Chemiluminescence was detected using an ECL kit (Advansta Corp., Menlo Park, CA, uSA) and the Multiple Gel DOC system (Fujifilm). The following primary antibodies were used: E-cadherin, N-cadherin, Slug, Snail, Vimentin, α-SMA, TCF8/Zeb1, β-actin, MMP2, MMP9, Myd88, p110α, p110β, p110γ, p110δ, phosphor-p65, p65, Fyn, phospho-Lyn ( Target  Sense  Antisense   TLR1  CGTAAAACTGGAAGCTTGCAAGA  CCTTGGGCCATTCCAAATAAGTCC  TLR2  GGCCAGCAAATTACCTGTGTG  CCAGGTAGGTCTTGGTGTTCA  TLR3  ATTGGGTCTGGGAACATTTCTCTTC  GTGAGATTTAAACATTCCTCTTCGC  TLR4  CTGCAATGGATCAAGGACCA  TCCCACTCCAGGTAAGTGTT  TLR5  CATTGTATGCACTGTCACTC  CCACCACCATGATGAGAGCA  TLR6  TAGGTCTCATGACGAAGGAT  GGCCACTGCAAATAACTCCG  TLR7  AGTGTCTAAAGAACCTGG  CTTGGCCTTACAGAAATG  TLR8  CAGAATAGCAGGCGTAACACATCA  AATGTCACAGGTGCATTCAAAGGG  TLR9  TTATGGACTTCCTGCTGGAGGTGC  CTGCGTTTTGTCGAAGACCA  TLR10 CAATCTAGAGAAGGAAGATGGTTC GCCCTTATAAACTTGTGAAGGTGT β-actin ATCCACGAAACTACCTTCAA ATCCACACGGAGTACTTGC according to the manufacturer's instructions. Cells were used for further experiments 48 h after transfection.
Quantification of human cytokines by ELISA.
A galectin-1 ELISA assay was performed as previously described (16) using capture Ab (200 ng/ml, 100 µl/well; AF1152; R&D Systems), detection Ab (100 ng/ml, 100 µl/well; BAF1152; R&D Systems), and standard recombinant galectin-1 (6-500 pg; R&D Systems). Active TGF-β1, TNF-α, VEGF, IL-6, IL-8, and IL-10 were quantified using a single cytokine ELISA assay kit (R&D Systems). Data are expressed as the average of the biological replicates ± standard deviation (SD).
Invasion assay. Invasion assay was performed using the CultreCoat 96-well Medium BME Cell Invasion assay kit (R&D Systems) according to the manufacturer's protocol. Cells (2.5x10 4 ) in serum-free RPMI-1640 or DMEM containing 0.1% FBS were seeded into the upper chamber, and the lower compartment was filled with RPMI-1640 or DMEM containing 10% FBS as a chemoattractant. After incubation for 24 h, non-invading cells on the upper membrane surface were removed with a cotton swab. Invaded cells were stained with calcein-AM and quantified using a microplate reader.
Statistical analysis. Data are expressed as the mean ± standard deviation (SD). Statistical analysis was conducted using one-way analysis of variance. A p-value <0.05 was considered statistically significant.
Results
Stimulation with TLR agonist induces mesenchymal characteristics and invasion activity of SK-OV-3 cells. using RT-PCR
and western blots, we evaluated the expression of TLRs in both primary (Caov-3 and OVCAR-3) and metastatic (OV-90 and SK-OV-3) ovarian cancer cells. mRNA levels of TLR2, 3, 4, 5, 6, 7, and 8 in SK-OV-3 cells were significantly elevated compared to other ovarian cancer cells (Fig. 1A) . The protein levels of TLR2, 3, 4, 5, and 6 in SK-OV-3 cells were also upregulated compared to Caov-3 cells (Fig. 1B) . Next, we investigated the effects of TLR2/6 agonist macrophage-activating lipopeptide 2 (MALP-2), TLR4 agonist lipopolysaccharide (LPS), and TLR3 agonist polyinosinic-polycytidylic acid (poly I:C) on changes in EMT-related markers and invasion capacity in primary (Caov-3) and metastatic (SK-OV-3) ovarian cancer cells. TLR activation with various TLR agonists considerably increased mesenchymal characteristics (N-cadherin, Slug, Vimentin, Snail, α-SMA, and TCF8) in SK-OV-3 cells compared to Caov-3 cells (Fig. 1C) . In addition, LPS stimulation of SK-OV-3 cells increased the population of cells with spindle-shaped morphology compared to LPS-treated Caov-3 cells (Fig. 1D ). All TLR agonists significantly increased the migratory capacity of SK-OV-3 cells, but not Caov-3 cells (Fig. 1E) . These results suggest that TLR-mediated signaling influences the migratory capacity of metastatic ovarian cancer cell line SK-OV-3.
Syk/Src-dependent PI3K activation induces mesenchymal markers in TLR-stimulated SK-OV-3 cells.
Next, we investigated whether TLR stimulation with specific ligands induces activation of PI3K. We also examined Syk-and Src-family tyrosine kinase activity because PI3K signaling is modulated via those tyrosine kinases (16, 17) . The expression of class IA PI3Ks (p110α, p110β, and p110δ) in SK-OV-3 cells was upregulated, as was the expression of MyD88 after stimulation with several TLR ligands; however, MyD88 and the p110β isoform were slightly increased in Caov-3 after engagement with various TLR agonists ( Fig. 2A) . Although the activity of Syk and Src tyrosine kinases was elevated in LPS-activated SK-OV-3 cells (Fig. 2B) , treatment with PP1 (an Src-specific inhibitor) and Bay61-3606 (a Syk-specific inhibitor) efficiently blocked the phosphorylation of tyrosine kinase and the activation of class IA PI3Ks (Fig. 2C) . In addition, pharmacological inhibition of Syk and Src tyrosine kinases significantly reduced the expression of EMT-related proteins (Fig. 2D) . Our data suggest that Syk/Src-mediated PI3K signal transduction plays an important role in TLR-induced EMT processes of SK-OV-3 cells.
TLR-mediated PI3K activation promotes the secretion of EMT-related cytokines in SK-OV-3 cells.
We found that SK-OV-3 cells stimulated by TLR agonist activated class IA PI3Ks (p110α, p110β, and p110δ). Next, we investigated the effects of specific PI3K inhibition on invasion and secretion of EMT-related cytokines in LPS-stimulated SK-OV-3 cells. Pretreatment with a specific inhibitor (A66, p110α inhibitor; TGX-221, p110β inhibitor; CAL-101, p110δ inhibitor; LY294002, p110α/β/δ inhibitor; Pictilisib, p110α/δ inhibitor) for each p110 isoform increased the expression of E-cadherin and decreased the expression of mesenchymal markers in LPS-activated SK-OV-3 cells (Fig. 3A) . The migratory activity of LPS-stimulated SK-OV-3 cells was significantly suppressed after treatment with all p110 isoform inhibitors (Fig. 3B) . In addition, TGX-221 (p110β inhibitor) and Bay-80-6946 (p110α/β inhibitor) had a prominent influence on invasion attenuation (Fig. 3B) . EMT, which is driven by a number of growth factors and cytokines, results in loss of epithelial cell polarities and connections (18) . To determine EMT-related cytokine secretion in ovarian cancer cells after TLR stimulation, we compared the concentrations of transforming growth factor β-1 (TGF-β1), vascular endothelial growth factor (VEGF), interleukin-6 (IL-6), IL-8, IL-10, and tumor necrosis factor-α (TNF-α) using a sandwich ELISA method with the culture media in TLR agonist-triggered SK-OV-3 and Caov-3 cells. TGF-β1 and TNF-α, critical cytokines for EMT, were markedly increased in the culture media of SK-OV-3 cells after stimulation with various TLR agonists, whereas those cytokines were barely detectable in the Caov-3 culture media (Fig. 3C ). Other cytokines (VEGF, IL-6, IL-8, and IL-10) associated with invasive activity were also ~3-5-fold higher than those in non-TLR stimulated SK-OV-3 (Fig. 3C) . Although all p110 isoform inhibitors prevented the secretion of EMT-related cytokines, treatment with TGX-221 or Bay-80-6946 prevented the secretion of EMT-related cytokines most effectively, except for production of IL-10, which was affected by CAL-101 or Pictilisib (Fig. 3D) . Our data suggest that TLR-mediated PI3K signaling influences the migratory capacity and secretion of EMT-related cytokines in metastatic ovarian cancer cells. cancer progression and is associated with a poor prognosis in ovarian cancers (19) . We determined the effects of TLR agonists on the production of galectin-1 and investigated the association between activation of PI3K and galectin-1 in ovarian cancer cells. TLR activation using a specific ligand significantly increased the expression of galectin-1, MMP2, and MMP9 in SK-OV-3 cells compared to Caov-3 cells (Fig. 4A and B) . Expression in LPS-stimulated SK-OV-3 was suppressed after treatment with an inhibitor of Src (PP1) or Syk (Bay-61-3606) tyrosine kinase (Fig. 4C) . Pharmacological inhibition of various p110 isoforms also prevented the expression of galectin-1 (Fig. 4D) . In particular, CAL-101 (p110δ inhibitor) and Pictilisib (p110α/δ inhibitor) markedly blocked the production of galectin-1 in LPS-activated SK-OV-3 cells compared to the level of other p110 inhibitors (Fig. 4E) . Our data suggest that PI3K-dependent galectin-1 production is one of the main pathways of ovarian cancer metastasis after TLR stimulation.
TLR4-mediated PI3K activation promotes galectin-1 production in LPS-stimulated SK-OV-3. Galectin-1 is involved in
TLR4-mediated galectin-1 production induces EMT of ovarian cancer cells. Next, we investigated whether a TLR4-induced signaling pathway regulates galectin-1-mediated migration of ovarian cancer cells. Stimulation with LPS of TLR4-knockdown SK-OV-3 cells failed to increase the production of galectin-1 and the expression of MMP2, MMP9, and mesenchymal markers (Figs. 5A and B) . Treatment with recombinant galectin-1 (r-Gal-1) enhanced the wound healing capacity of TLR4-knockdown SK-OV-3 cells regardless of TLR4 expression or LPS stimulation (Fig. 5C ). In addition, targeted inhibition of TLR4 blocked the phosphorylation of Src/Syk kinase and the activation of PI3K in LPS-activated HCT116 cells (Fig. 5D) . Finally, we investigated whether TLR4-mediated galectin-1 production affects migration and the expression of mesenchymal markers. Downregulation of galectin-1 with small interfering RNA attenuated the activation of MMP2 and MMP9, and the upregulation of mesenchymal markers in LPS-stimulated SK-OV-3 cells (Fig. 5E) . Furthermore, the invasion capacity of galectin-1-knockdown SK-OV-3 cells was profoundly suppressed after stimulation with LPS (Fig. 5F ). These results suggest that TLR4-mediated PI3K activation triggers the migratory and invasive capacity of ovarian cancer cells through the production of galectin-1.
Discussion
TLR activation in leukocytes at the tumor site can stimulate immune cells that can actively fight tumors (20, 21) ; however, their activation can also have tumor-promoting effects (22) . Generally, high levels of different TLRs in cancer cells are associated with disease aggressiveness, drug resistance, and poor clinical outcomes (23, 24) . Administration of paclitaxel with a platinum regimen via an intravenous or intraperitoneal route is the standard chemotherapy for ovarian cancer (25) . unfortunately, paclitaxel stimulates the same signaling pathway via TLR4 to promote secretion of pro-inflammatory cytokines (26) . LPS or paclitaxel binding to TLR4 in SK-OV-3 cells promotes IL-6, IL-8, and VEGF production and resistance to drug-induced apoptosis (27) . In addition, our study showed that the expression of TLR4 was more prominent in SK-OV-3 than in Caov-3 cells and stimulation with various TLR ligands induced higher expression of mesenchymal markers and invasive activity in SK-OV-3 than in Caov-3 cells. These results suggest that remnant or resistant ovarian cancer cells could use this anticancer drug to promote survival and growth after chemotherapy. Based on these results, TLR levels and expression changes might be critical diagnostic markers in metastatic ovarian cancer. Stimulation of TLR4 with LPS results in an immediate interaction between PI3K and MyD88, leading to the phosphorylation of AKT (28) . Aberrant activation of this pathway has been widely reported in many human cancers, including ovarian cancer (29) . Meanwhile, phosphatase and tensin homolog (PTEN), a negative regulator of the AKT signaling pathway, delays the time to progression in ovarian carcinomas and prolongs disease-free survival (30) . We observed that Syk/Src-dependent class IA (p110α, p110β, and p110δ) PI3K activation and expression of mesenchymal markers were significantly increased in TLR-stimulated SK-OV-3 cells; however, the level of PTEN in Caov-3 cells was maintained at a high level after stimulation with TLR agonist. These results suggest that metastatic or invasive ovarian cancer cell lines including SK-OV-3 cells are sensitive to stimulation by TLR ligands, which could lead to the development of aggressive phenotypes.
Although p110α expression is frequently observed in ovarian cancer (13) , the levels of p110β, but not p110α, in ovarian cancer cells are critical factors of drug resistance (14) . Other studies also have shown that manifestation of p110α has no clear relationship with clinical outcome (31) . SK-OV-3 cells secrete a higher level of VEGF than Caov-3 cells (32). TLR4-mediated class I PI3K activation in LPS-mediated SK-OV-3 cells is positively correlated with the secretion of EMT-related cytokines in SK-OV-3 cells. Interestingly, selective inhibitor of p110α or p110β significantly reduced EMT-related cytokines and targeted co-inhibition of p110α/β was the most effective method of reducing EMT-inducing cytokines (TGF-β1, TNF-α, VEGF, IL-6 and IL-8), except IL-10. IL-10 production was efficiently blocked by CAL-101, a p110δ-specific inhibitor, compared to that of LPS-activated SK-OV-3 cells treated with other inhibitors of the p110 isoform. These results suggest that co-administration of anticancer drugs with selective PI3K inhibitors during repeated chemotherapy cycles according to serum cytokine levels in patients could reduce the possibility of metastasis. Furthermore, we need to investigate the signaling pathway to identify precise targets of each condition and need to classify activated p110 isoform-and EMT-associated cytokines in metastatic cancer cells for clinical applications.
Galectin-1 is considered a prototypical galectin and is expressed in many tumor types such as astrocytoma, melanoma, and prostate, thyroid, colon, bladder, and ovarian cancers (33, 34) . Based on these results, galectin-1 might be a promising candidate for downstream targeting of the TLR/PI3K-mediated signaling pathway in metastatic ovarian cancer. Pharmacological inhibition of PI3K effectively blocked the secretion of galectin-1 in LPS-treated SK-OV-3 cells. Furthermore, knockdown of TLR4 or galectin-1 with siRNA not only suppressed the expression of mesenchymal markers MMP2, and MMP9, but also inhibited invasion activity of LPS-activated SK-OV-3 cells. These results suggest that TLR/PI3K-induced galectin-1 production in ovarian cancer cells is one of the key processes in further invasion and migration.
In conclusion, this study suggests that the TLR/PI3K signaling axis plays a crucial role in facilitating ovarian cancer cell metastasis, and the identification of new molecular targets after TLR engagement is critical for predicting disease progression and clinical outcome.
